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Abstract
Chronic symptoms indicating excess cortical excitability follow mild traumatic brain injury, particularly repetitive mild
traumatic brain injury (rmTBI). Yet mechanisms underlying post-traumatic excitation/inhibition (E/I) ratio abnormalities
may differ between the early and late post-traumatic phases. We therefore measured seizure threshold and cortical
gamma-aminobutyric acid (GABA) and glutamate (Glu) concentrations, 1 and 6 weeks after rmTBI in mice. We also analyzed
the structure of parvalbumin-positive interneurons (PVIs), their perineuronal nets (PNNs), and their
electroencephalography (EEG) signature (gamma frequency band power). For mechanistic insight, we measured cortical
oxidative stress, reflected in the reduced/oxidized glutathione (GSH/GSSG) ratio. We found that seizure susceptibility
increased both early and late after rmTBI. However, whereas increased Glu dominated the E/I 1 week after rmTBI, Glu
concentration normalized and the E/I was instead characterized by depressed GABA, reduced per-PVI parvalbumin
expression, and reduced gamma EEG power at the 6-week post-rmTBI time point. Oxidative stress was increased early after
rmTBI, where transient PNN degradation was noted, and progressed throughout the monitoring period. We conclude that
GSH depletion, perhaps triggered by early Glu-mediated excitotoxicity, leads to late post-rmTBI loss of PVI-dependent
cortical inhibitory tone. We thus propose dampening of Glu signaling, maintenance of redox state, and preservation of PVI
inhibitory capacity as therapeutic targets for post-rmTBI treatment.
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Introduction
Mild traumatic brain injury (mTBI; concussion), with an esti-
mated incidence of 600 per 100,000 people, is the most common
neurological injury globally. In the United States of America, up
to 3 million people are treated for mTBI annually, approximately
half of whom continue to suffer from a range of symptoms for
months to years after injury (Daneshvar et al. 2011; Grandhi
et al. 2017; McInnes et al. 2017; Nelson et al. 2019). Notably,
mTBI is often recurrent, termed repetitive mild traumatic brain
injury (rmTBI) (Castile et al. 2012; Guerriero et al. 2012; Theadom
et al. 2015; Mannix et al. 2016), suggesting that concussion is
associated with a risk of cumulative damage (Eisenberg et al.
2013; Howell et al. 2017)—this is particularly worrisome for those
individuals engaged in contact sports or similar activities (Guer-
riero et al. 2012; Marar et al. 2012; Harmon et al. 2013; Mannix
et al. 2016; Mez et al. 2017; Alosco et al. 2018; Howell et al. 2018).

The neurologic sequelae resulting from mTBI, and especially
from rmTBI, include chronic pain (Andary et al. 1997; Grandhi
et al. 2017), mood disorders (Panayiotou et al. 2010; Stein et al.
2019), and sleep disturbances (Viola-Saltzman and Watson 2012;
Mantua et al. 2017) in the subacute post-traumatic period. Longi-
tudinal studies also indicate increased epilepsy risk after mTBI,
albeit only in the late (years to decades after injury), chronic,
post-traumatic phase where the causal relationship between
injury and epilepsy is less certain (Annegers et al. 1998; Luck-
e-Wold et al. 2015; Keret et al. 2017). Such post-traumatic symp-
toms are consistent with pathologic gain of cortical excitability,
loss of cortical inhibition, or both (Yizhar et al. 2011; Luscher and
Fuchs 2015; Trevelyan et al. 2015; Parker et al. 2016; Lissemore
et al. 2018; Lanza and Ferri 2019). Given that postconcussion
symptoms may present or persist weeks to months after injury
(Rutherford et al. 1979; Rao et al. 2010; Cole and Bailie 2016; Bia-
gianti et al. 2020), these likely reflect a slow, continuing biological
process during which cortical excitation/inhibition (E/I) balance
shifts toward excitation, as it does after more severe traumatic
brain injury (TBI) (Hsieh et al. 2017; Hameed et al. 2019). Yet the
pathophysiology underlying this post-traumatic progressive E/I
derangement remains unknown.

In severe TBI animal models, loss of cortical inhibition
and epileptogenesis are accompanied by cell death and patho-
logic loss of gamma-aminobutyric acid (GABA)ergic inhibitory
interneurons—the plurality of which are parvalbumin-positive
inhibitory interneurons (PVIs) whose fast-spiking nature and
high metabolic demand renders them disproportionately
vulnerable to post-traumatic metabolic challenges (Sohal et al.
2009; Cabungcal et al. 2013; Cantu et al. 2015; Hsieh et al. 2017;
Hameed et al. 2019). Yet concussive brain injury, as evident in the
mouse rmTBI model, occurs without immediate neuronal death
(Khuman et al. 2011; Meehan 3rd et al. 2012), and the mechanistic
link between rmTBI and the loss of cortical inhibition that
presumably follows remains unclear.

In the absence of significant neuronal loss, both chronic
postconcussive symptoms (Panayiotou et al. 2010; Viola-Saltz-
man and Watson 2012; Grandhi et al. 2017; Mantua et al. 2017;
Stein et al. 2019) and the long-term increased risk of epilepsy
after concussion (Annegers et al. 1998; Lucke-Wold et al. 2015)
may result from post-traumatic cell dysfunction rather than
cell death. For PVI circuitry, such dysfunction may be cell
autonomous as reflected in per-cell PV expression. Alternatively,
loss of the specialized extracellular matrix surrounding PVIs, the
perineuronal nets (PNNs), may also impair the PVI inhibitory
capacity, which is reliant on PNN-mediated maintenance of
local redox state, among other essential PNN functions (Hsieh

et al. 2017; Favuzzi et al. 2017; Suttkus et al. 2014; Sorg et al. 2016).
Accordingly, we use the established mouse rmTBI concussion
model, where neuronal death is absent (Meehan 3rd et al. 2012)
to test whether PVI structure and function is nevertheless
compromised in the weeks that follow injury. This insight may
be critical for the design of effective treatment after injury.
Similarly, to identify future therapeutic targets, we test whether
causal contributors to PVI dysfunction such as glutamate
(Glu)-mediated excitotoxicity (Behrens et al. 2007), increased
oxidative stress (Hsieh et al. 2017), and degradation of the PNN
surrounding this vulnerable interneuron population (Cabungcal
et al. 2013) (all described in a range of more severe brain injuries)
follow rmTBI.

Methods
Animal Preparation

Two hundred and twenty-two 2-month-old adult C57 black male
mice (20–30 g) were randomized to receive sham or verum injury
(N = 110 sham; 112 rmTBI). Mice were housed in standard cages
in a temperature-controlled facility with a 12-h light/dark cycle
and a continuous supply of water and food ad libitum. All animal
procedures were approved by, and in accordance with the guide-
lines of, the Institutional Animal Care and Use Committee at
Boston Children’s Hospital and the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize the number of mice used in the
present experiments.

Repetitive Mild Traumatic Brain Injury

The mouse rmTBI model was used as previously described,
with modifications (Meehan 3rd et al. 2012; Mannix et al. 2013).
Briefly, mice were anesthetized with 4% isoflurane for 45 s,
placed prone on a delicate task wiper (Kimwipe; Kimberly-
Clark), and secured by the tail. The dorsal surface of the cranium
was placed flush beneath a hollow guide tube centered over the
skull. A 54-g metal bolt was dropped from a height of 107 cm
through the guide tube, impacting the dorsal aspect of the
skull between the coronal and lambdoid sutures. At impact, the
mouse’s head readily penetrated the Kimwipe, resulting in a
rotational acceleration. Animals were subjected to one injury
per day for five consecutive days. After each injury, animals
were placed in a left lateral recumbent position, and loss of
consciousness (LOC) was defined as the time from removal of
anesthesia to spontaneous righting. All mice recovered in room
air. A separate cohort was produced for each experiment. Sham-
injured age-matched control mice underwent anesthesia but
not concussive injury (Fig. 1).

Extracellular Glutamate and GABA Measurement

Guide Cannula Implantation
Approximately 1 h after the final injury, a guide cannula was
surgically implanted into the barrel cortex of a cohort of mice
(coordinates: −0.22 mm anterior-posterior (AP), 3.0 mm medial-
lateral (ML), 1.0 mm dorsal-ventral (DV); Lein et al. 2007; N = 6 per
sham and verum injury group). These coordinates were chosen
based on pilot data and high PVI density in this region. The can-
nula was permanently fixed to the skull using anchoring screws
and dental cement. Opioid analgesia (1 mg/kg buprenorphine
sustained release; ZooPharm) was administered subcutaneously
to provide 48-h postoperative coverage.
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Figure 1. Timeline of rmTBI experiments and cohorts. Mice were exposed to five weight drop injuries over 5 days. Mice designated to microdialysis or EEG groups

were implanted with hardware after the final injury. One week after the final injury animals were assigned to one of the following groups: microdialysis, EEG, 1-week
HPLC for oxidative stress (GSH:GSSG), 1-week IHC, 1-week PTZ challenge, 6-week HPLC, 6-week IHC, and 6-week PTZ. Microdialysis measures were obtained weekly
for 6 weeks. EEG was recorded once after final verum or sham injury and again 6 weeks after the last verum or sham injury.

Microdialysis
Seven days after implantation, mice were anesthetized with 2–
3.5% isoflurane, and a microdialysis probe (MD2255, Bioanalyt-
ical Systems, Inc.) was inserted into the guide cannula. The
probe was perfused with artificial cerebrospinal fluid (119 mM
NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.5 mM MgCl2,
11.0 mM glucose, pH 7.4) at 2 μL/min for 24 h prior to sample
collection. Following equilibration, samples were collected for
30-min intervals and cooled to 4◦C. Samples were analyzed
using high-performance liquid chromatography (HPLC).

GABA and Glutamate HPLC
HPLC was performed as described previously (McNair et al. 2019).
Briefly, working reagent was prepared fresh daily by diluting
1 mL of stock reagent (20 mg OPA, 1 mL methanol, 10 mg N-
acetyl cysteine, 9 mL 0.5 M carbonate buffer) into 4 mL of 0.5 M
carbonate buffer pH 10. Derivatization was performed by mixing
50 μL working reagent with 50 μL 1:10 sample diluted in water.
Samples were injected using a refrigerated autosampler (Sys-
tem Gold 508; Beckman Coulter) into an HPLC system consist-
ing of a chromatographic column (Atlantis dC18, 4.6 × 250 mm,
5 μm; Waters Corporation), and a fluorescence detector (2475
FLR Detector; Waters Corporation) with a detection wavelength
of λex = 229 nm and λem = 450 nm. The mobile phase (100 mM
Na2HPO4, 22% [v/v] methanol, 3.5% acetonitrile, pH adjusted to
6.75 with phosphoric acid) was pumped at 0.25 mL/min by a
solvent delivery module (System Gold 125; Beckman Coulter) as
described previously.

Glutathione (GSH) Measurement

Sample Preparation
Animals (N = 5 per sham and verum injury group) were sacri-
ficed and fresh tissue microdissected and snap frozen. Frozen
barrel cortex was homogenized (10% in phosphate buffered
saline [PBS], pH 5.5), sonicated (15 s on ice), and an aliquot (20 μL)
was removed to determine protein content. The remaining son-
icate was added (4:1) to perchloric acid (0.4 N) and centrifuged
(13 000 rpm, 60 min, 4◦C) to remove protein and cellular debris.
Sample preparation was done as rapidly as possible at 4◦C and
at a pH well below the 8.8 pKa of the thiol group of GSH. GSH is
much more stable under these conditions, minimizing artificial
conversion to glutathione disulfide (GSSG).

GSH/GSSG HPLC
Samples were analyzed by HPLC as previously described (Trivedi
et al. 2014). Briefly, 10 μL of sample was injected onto a reverse-
phase C8 column (ZORBAX Eclipse XDB-C8, 3 × 150 mm, 3.5 μm;
Agilent Technologies Inc.) and measured with an electrochemi-
cal detector (CouloChem III; Thermo Scientific) running a boron-
doped diamond analytical cell (Model 5040; Thermo Scientific)
at an operating potential of 1500 mV. A dual mobile phase
gradient elution was used to resolve analytes, consisting of a
mobile phase containing 25 mM sodium phosphate and 2.1 mM
1-octanesulfonic acid, adjusted to pH 2.65 with phosphoric acid,
with the second mobile phase (B) containing 50% acetonitrile.
The system was run at a flow rate of 1 mL/min at ambient
temperature with the following gradients: 0–8 min 0% B, 8–
20 min, gradient to 30% B. The system equilibrated at 0% B from
25 to 36 min. Peak area analysis (32-Karat software v.8.0; Beck-
man Coulter) was based on standard curves generated for each
compound. Samples were normalized against protein content.

Immunohistochemistry (IHC)

Perfusion of Cortical Tissues
Under deep anesthesia, mice (1 week, N = 4 per sham and verum
injury group; 6 week, N = 6 per sham and verum injury group)
were perfused transcardially with ice-cold PBS followed by
4% paraformaldehyde (PFA). Brain tissue was harvested and
postfixed in 4% PFA for 24 h at 4oC before transferring into 30%
sucrose. Cryopreserved brain tissue was then frozen in Tissue-
Plus OCT Compound (Fisher Healthcare) and stored at −80◦C
for at least 24 h before sectioning. Free-floating cryosections
(coronal, 30 μm, from bregma −1.23 mm through bregma
−2.03 mm; Paxinos and Franklin 2013) were obtained at −20◦C,
washed briefly with PBS, and incubated with primary antibodies
overnight at 4◦C followed by Alexa Fluor-conjugated secondary
antibodies for 1 h at room temperature (Hsieh et al. 2017).

Immunostaining
Anti-parvalbumin (PV) antibody (Marly) was used to investi-
gate PVI. PNN integrity was studied using biotinylated Wiste-
ria floribunda agglutinin (WFA) (MilliporeSigma), a plant lectin
that binds to chondroitin sulfate proteoglycan chains of PNN
(Hsieh et al. 2017). Anti-guinea pig Alexa Fluor 488 and Strep-
tavidin Alexa 594 conjugate were used as secondary antibodies
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Figure 2. Extracellular levels of GABA and Glu in barrel cortex. GABA and Glu were
measured weekly using microdialysis in rmTBI and sham-injured animals. (A)
rmTBI increased extracellular Glu 1 and 2 weeks after injury. Glu concentration

returned to baseline levels in week 3. (B) rmTBI decreased extracellular GABA
at 4-, 5-, and 6-week post-rmTBI. (C) rmTBI caused 2 distinct shifts toward
excitation at 1- and 6-week postinjury. The excitatory shift is driven by the excess

Glu at 1 week and the paucity of GABA at 6 weeks after rmTBI. (Mean ± SEM,
∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001).

(Invitrogen). All perfusion, tissue fixation, and immunostain-
ing procedures were carried out under the same conditions
using the same batch of buffers to minimize variability between

samples. Immunostained sections were mounted using Fluoro-
mount medium (Southern Biotechnology), and images acquired
on an Olympus Fluoview FV1000 confocal microscope.

Image Acquisition
Samples were first identified by fluorescence imaging under
low power magnification (×10 objective). Image acquisition was
carried out using the FV10-ASW software (v2.1 C), with the
following parameters: 5% laser output, ×1 gain control, laser
intensity between 500 and 700, offset between 10% and 15% such
that signals were within the linear range. Individual channels
were acquired sequentially.

Cell Count
Images were analyzed by ImageJ software as described previ-
ously (Hsieh et al. 2017; Hameed et al. 2019). Cells were counted
for a standard area in the image of the barrel cortex across
8 images per animal. First, regions corresponding to layers II–
VI, 400 μm wide in the middle of the imaging field were cho-
sen. Then, by setting the same threshold for all images and
applying filters for size (50–5000 μm2) and circularity (0–1.0),
cells positively stained for PV, and/or WFA were identified above
background signals. 4’,6-diamidino-2-phenylindole (DAPI) coun-
terstain was further used to visually confirm that all counted
structures were cells. The number of cells identified above was
then recorded. Results from rmTBI mice were normalized to
sham controls.

PVI Intensity
Per condition background was defined by sampling noncell-
containing area within a representative selection of pictures.
This background was used as a threshold to determine the
average intensity of positive cells per animal.

Coincidence Detection
Positive cells were defined as PV+ (above threshold) and/or
PNN+ (above threshold). Threshold values for PV and PNN were
applied to each channel and merged to create a single mask of
positive cells. This mask was applied to each channel separately,
and intensity values were calculated for PV and PNN.

Electroencephalography (EEG)

Mice (N = 6 per sham and verum injury group) were intraperi-
toneally implanted with wireless telemetry transmitters (Phys-
ioTel ETA-F10; DSI, Data Sciences International) and 1-channel
continuous video-EEG (sampling rate 1000 Hz) was recorded
from active (left occipital lobe) and reference (right olfactory
bulb) electrodes (Dhamne et al. 2017; Kelly et al. 2018; Purtell
et al. 2018; Yuskaitis et al. 2018). Data were collected for 48 h
with the first 24 h corresponding to an acclimation period such
that only data from the last 24 h were analyzed. EEG analysis
was performed at 1- and 6-week post-rmTBI time points.

Using a custom MATLAB algorithm (R2018a, MathWorks Inc.),
raw time series 24-h EEG data were preprocessed to remove
movement-related artifacts or electrical noise using a combi-
nation of amplitude thresholding and time windowing. The
24-h EEG was divided into nonoverlapping 30-s blocks, and
a time–frequency decomposition was obtained for each block
using continuous wavelet transform. Mean spectral power in the
gamma frequency (30–80 Hz) band, normalized to total power
in the 1–80 Hz band (Dhamne et al. 2017) was computed from
these 30-s blocks for 3 longer time periods: the full 24 h, 12-h
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Figure 3. Intracellular redox status in barrel cortex. Reduced and oxidized
glutathione (GSH and GSSG, respectively) were measured in barrel cortex

using HPLC–electrochemical detection. The GSH/GSSG ratio was calculated to
indicate redox state with lower ratios indicating increased oxidative stress.
rmTBI increased oxidative stress at 1- and 6-week postinjury. (Bars indicate
mean ± SEM, ∗∗P ≤ 0.01, ∗∗∗∗P ≤ 0.0001).

dark (7 AM–7 PM), and 12-h light (7 AM–7 PM) to study circadian
fluctuations in gamma oscillations.

Pentylenetetrazol (PTZ) Challenge

Mice (1 week, N = 32 per sham and verum injury group; 6 weeks,
N = 48 per sham and verum injury group) were administered PTZ
(40 mg/kg, IP) and placed individually in a clear home cage for
video monitoring for 10 min. Latencies to induced seizure onset
was measured by recording the time to first myoclonic seizure
(Racine stage 3) and first generalized tonic–clonic seizure (GTC;
Racine stage 5). To minimize bias, each recording was scored
offline by 2 blinded reviewers and a third independent reviewer
reconciled disagreements between the 2 scorings (Dhamne et al.
2015; Gersner et al. 2015; Dhamne et al. 2017).

Data Processing and Statistical Analysis

Data were analyzed using GraphPad Prism 8.0.2 (GraphPad Soft-
ware Inc.) with the significance level set at P < 0.05. Results were
compared between sham and rmTBI groups at each time point
and normalized to sham control as necessary per experiment.
All data are presented as mean ± standard error of the mean
(mean ± SEM).

HPLC
Mean Glu and GABA levels and Glu/GABA ratios, and ratios of
GSH/GSSG were analyzed using 2-way analysis of variance with
Sidak’s multiple comparisons tests.

IHC
PVI and PNN counts, and average intensity values were cal-
culated from 4 slices (8 images) per animal, then compared
using the Mann–Whitney U test. The percent of PVI+ compared
with the number of PNN+ cells per animal was analyzed by
Welch’s t-test. PVI+ and PNN+ cell population analyses were
conducted by first sorting the data using frequency distribution,
then compared between rmTBI and sham control group using
Chi-square test.

EEG
Gamma power in the rmTBI group was normalized to sham
and compared at 1- and 6-week time points using paired and
unpaired Student’s t-tests.

PTZ Challenge
Latency to seizure onset was compared using Kaplan–Meier
analysis and log-rank (Mantel–Cox) test.

Results
LOC After Sham and Verum Injury

Consistent with published data on the mouse rmTBI model
(Mannix et al. 2014, 2016; Main et al. 2017; Shandra et al. 2019)
verum injury resulted in ∼18 s longer LOC compared with sham
controls. Five-day averages for the sham and rmTBI groups
were 35 ± 6 versus 53 ± 2 s (P < 0.01), respectively. Per day (days
1 to 5) mean LOC durations for sham or verum rmTBI groups
were 29 ± 6 versus 56 ± 15, 37 ± 9 versus 52 ± 17, 39 ± 9 versus
54 ± 16, 34 ± 7 versus 50 ± 23, and 35 ± 8 versus 53 ± 21 seconds,
respectively.

rmTBI Causes Early and Late Increases in Cortical
Glu/GABA Ratio

rmTBI resulted in elevated extracellular Glu concentrations
1 week (rmTBI: 17.55 ± 1.72 μM, sham: 8.51 ± 0.18 μM; 106%
increase, P < 0.0001) and 2 weeks (rmTBI: 11.92 ± 1.25 μM, sham:
8.56 ± 0.45 μM; 39% increase, P < 0.02) after final injury (Fig. 2A).
However, Glu concentration normalized from the third week
onward. In contrast to the early Glu excess, extracellular GABA
remained stable during the first 3 weeks post-rmTBI and
progressively declined thereafter (Fig. 2B), decreasing by 22%
(rmTBI: 0.86 ± 0.07 μM, sham: 1.10 ± 0.04 μM; P < 0.05) at week
4, 26% (rmTBI: 0.79 ± 0.07 μM, sham: 1.07 ± 0.06 μM; P < 0.03) at
week 5, and 47% (rmTBI: 0.56 ± 0.11 μM, sham: 1.04 ± 0.05 μM;
P < 0.001) at week 6 after injury.

The relative Glu to GABA ratio mirrored the changes in indi-
vidual Glu and GABA levels. Injured mice had a significantly
higher Glu/GABA ratio compared with controls (P < 0.0001) at 2
time points: 1 week after rmTBI, due to significantly increased
extracellular Glu; and 6 weeks after final injury, this time driven
by GABA decline (P < 0.003, Fig. 2C).

Our results thus demonstrate 2 distinct phases of neuro-
transmitter imbalance after rmTBI: (1) an acute phase charac-
terized by increased extracellular Glu, followed by (2) a chronic
phase characterized by a progressive decrease in GABA.

rmTBI Results in an Increase in Oxidative Stress

Oxidative stress is associated with progressive brain injury and
is also a pathogenic regulator of PV expression as elevated levels
are associated with PV loss (Cabungcal et al. 2013). Reduced and
oxidized forms of the major intracellular antioxidant GSH were
quantified to investigate the redox state of the barrel cortex.

Cortical GSH/GSSG ratios were reduced in injured mice at
both one (19 ± 4.7% decrease, P < 0.01) and 6 weeks (38 ± 1.4%
decrease, P < 0.0001) after injury, indicating persistent increased
oxidative stress (Fig. 3).
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Figure 4. PV and PNN expression in barrel cortex. (A) IHC staining of barrel cortex. PV (green) and PNN (red). Callout top right healthy PVI enwrapped in healthy PNN.
Callout second row PVI with degraded PNNs. Callout third row healthy PVI enwrapped in healthy PNN. Callout bottom “hollow” PNNs wrapping PVI that have lost
PV expression. (B) There is an increase in PVI number 1 week after injury and a decrease in count 6 weeks after injury. (B) PV intensity does not change 1 week after

injury; however, intensity decreases in injured mice at 6 weeks after rmTBI. (C) PNNs are reduced 1 week after injury and normalize by 6 weeks. (D) PNN intensity also
decreases 1 week after rmTBI and normalizes 6 weeks after.
(Bars indicate mean ± SEM, ∗P ≤ 0.05, ∗∗P ≤ 0.01).
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Figure 5. Per-cell expression of PV and PNN in barrel cortex. Percentage of PV+
cells per PNN+ cells per animal 1 and 6 weeks after verum or sham rmTBI. One
week after injury, percent PV+/PNN+ cells in rmTBI animals is not different

from sham animals. Six weeks after rmTBI, percentage of PV+ cell drops in mice
exposed to verum rmTBI. (Bars indicate mean ± SEM, ∗P ≤ 0.05).

rmTBI Causes Reversible Early PNN Loss, Followed by
Progressive Loss of PV

Cortical PVI count increased by 29% over sham in injured mice
(rmTBI: 129 ± 8%, normalized sham: 100 ± 3%; P < 0.03) 1 week
after final injury, before falling to 60% of control levels (rmTBI:
60 ± 10%, normalized sham: 100 ± 3%; P < 0.01) 6-week post-
rmTBI (Fig. 4A,B). Per cell PV intensity also declined by 42%
(rmTBI: 58 ± 20%, normalized sham: 100 ± 8%; P < 0.05) in rmTBI
mice 6 weeks after injury (Fig. 4A,C). PNN staining revealed a 17%
decrease in PNN-enwrapped cells (rmTBI: 83 ± 2%, normalized
sham: 100 ± 6%; P < 0.03) (Fig. 4A,D) and 38% PNN intensity loss
(rmTBI: 63 ± 3%, normalized sham: 100 ± 5%; P < 0.03) in rmTBI
mice (Fig. 4A,E) 1 week after injury. However, there was no
difference in PNN staining between groups 6-week post-rmTBI.

To further investigate the relationship between these mark-
ers, we labeled all cells as either PV+, PNN+, or both, and
computed the proportion of PNN+ cells that were also PV+. That
is, we measured the percentage of PNN+ cells that were also
PV+. While difference between rmTBI and sham control was
absent 1 week after injury, 6 weeks after rmTBI, injured mice had
a 19% reduction in the of PV+/PNN+ ratio (rmTBI: 81 ± 7%, sham:
100 ± 0.4%; P < 0.05, Fig. 5). When these cell populations were
examined in their entirety (rather than as ratios), 1 week after
injury, there was no change in PV expression (rmTBI: 929 ± 13,
sham: 827 ± 15; Fig. 6A), whereas PNN decreased significantly
(rmTBI: 702 ± 11, sham: 1319 ± 17; P < 0.0001, Fig. 6B). Six weeks
after rmTBI, PV expression had shifted with 952 individual cells
measuring 0–200 a.u. in injured mice compared with 75 in sham
controls (P < 0.0001, Fig. 6C). PNN+ cells at 6 weeks had also
shifted in the rmTBI group (P < 0.0001, Fig. 6D).

Progressive Loss of Gamma EEG Power Follows rmTBI

A trend toward decreased cortical EEG gamma power (30–80 Hz)
in the injured group was evident 6 weeks after rmTBI relative to
sham controls, when EEG was analyzed in 24-h blocks (Fig. 7A).
This trend was driven primarily by a significant reduction in
power during the 12-h light phase when mice are less active
(7 AM–7 PM), and where sham and injured groups clearly sep-
arate (P < 0.04, Fig. 7C). In contrast, difference in gamma power

between groups is absent during the more active 12-h dark
(7 AM–7 PM, Fig. 7B) portion of the circadian cycle.

Longitudinal, paired analysis within the rmTBI group (nor-
malized to sham control) between 1- and 6-week time points
indicates that the loss of EEG gamma power is progressive. The
loss of gamma power as a function of time is robust during
the entire 24-h period (P < 0.02, Fig. 7D). Circadian variations
in gamma power captured across the day (Fig. 7F) and night
(Fig. 7E) cycles, indicate that the majority, but not the entirety,
of gamma power occurs during sleep or inactivity as differences
are strongly driven by the 12-h light (7 AM–7 PM) cycle (P < 0.01).

Induced Seizure Susceptibility Progressively Increases
After rmTBI

There was a significant difference in the incidence of first
myoclonus (Racine stage 3) after PTZ administration between
injured mice and sham controls 1 week after rmTBI, with 21 of 30
(70%) injured mice experiencing a myoclonic seizure compared
with 12 of 32 (38%) sham controls (P < 0.05, Fig. 8A). However,
only 3 of 30 (10%) rmTBI animals and 3 of 32 (9%) sham mice
progressed to GTC (not significant, Fig. 8B).

Progression to Racine stage 3 remained greater in the injured
cohort (32/48; 67%) versus sham mice 6 weeks after rmTBI
(19/48; 40%) (P < 0.01, Fig. 8C). Notably, however, a significantly
increased incidence of GTC in injured mice (9/48; 19%) com-
pared with sham controls (0/48; 0%) (P < 0.002, Fig. 8D) indicated
progressively increase seizure susceptibility following injury.

Discussion
We demonstrate for the first time a neuronal basis for the patho-
logic E/I imbalance after rmTBI in mice. Our results indicate
that an increase in cortical excitability after repetitive brain
trauma is initially driven by an increase in extracellular Glu,
which presumably drives PV expression and increases oxida-
tive stress, resulting in a loss of PNNs 1 week after injury.
This initial increase in Glu-mediated excitability is accompa-
nied by GSH consumption, and subsequently followed by an
inhibitory decline driven by loss of both PV and extracellular
GABA. Notably, injured mice express a shift in the E/I balance
toward excitation, both subacutely (driven by increased extra-
cellular Glu) and chronically (driven by reduced extracellular
GABA), signifying distinct mechanisms for the early and late
stages of increased seizure susceptibility (and perhaps other
postconcussive symptoms) following rmTBI.

In contrast to severe TBI where only progressive PVI and
PNN loss has been recorded in animal models (Hsieh et al.
2017; Hameed et al. 2019), here we report a subacute increase
in PV expression within PVIs and loss of PNNs surrounding PVIs
after rmTBI. Greater PV expression 1 week after mild repetitive
injury may be related to the increased extracellular Glu, as
increased glutamatergic tone has been reported to drive activity-
dependent PVI maturation, resulting in increased PV expression
(Donato et al. 2013). It would follow that the increased PVI
count observed at this time point is presumably a consequence
of enhanced PV in cells that previously expressed PV below
detectable levels, rather than de novo PVI formation.

This increase in extracellular Glu may well lead to excito-
toxic neuronal injury, particularly to PVIs whose high baseline
metabolic demand renders them disproportionately vulnerable
to post-traumatic metabolic challenges (Sohal et al. 2009; Cantu
et al. 2015; Hsieh et al. 2017; Hameed et al. 2019). Elevated
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Figure 6. PV-positive and PNN-positive counts in the barrel cortex. Cells identified as PV+ and/or PNN+ were masked and PV and PNN fluorescent levels were measured
separately for each masked area. Relative frequency of cells at given PV and PNN intensity levels were plotted. (A) One week after rmTBI relative percentage PV intensity
values showed no significant difference between rmTBI and sham animals in the percentage of cells between 0 and 200 a.u. of all cells measured. However, a trend

is observed toward a shift in intensity of PV cells in rmTBI group in bins 800–1800. (B) PNN intensity values at this time point decreased in rmTBI group, as 203 cells
compared with 58 cells fell in the 0–200 a.u. category. (C) When PV+ cells were investigated 6 weeks after rmTBI, 952 cells fell between 0 and 200 a.u. in rmTBI animals
compared with 75 cells in sham group. (D) PNN intensity values at this time point decreased as well in rmTBI group, as 95 cells compared with 14 cells fell in the
0–200 a.u. category (∗∗∗∗P ≤ 0.0001).

glutamatergic tone has been shown to drive oxidative stress in
PVIs (Behrens et al. 2007; Powell et al. 2012) and is associated
with PNN degradation (Cabungcal et al. 2013). The removal of
PNN from PVIs increases their sensitivity to further oxidative
stress, thus creating a negative feedback loop that may ulti-
mately lead to their dysfunction or death (Cabungcal et al.
2013). For example, iron-induced oxidative stress following mTBI
might contribute to further redox imbalance, which, without
adequate PNN to mitigate, would lower the threshold for exac-
erbated cellular damage upon repeated injury (Nisenbaum et al.
2014).

Interestingly, the increased PVI count 1 week after rmTBI
did not correlate with a higher extracellular concentration of
GABA, suggesting that the compensatory increases in PVI num-
ber and PV expression are insufficient to completely counter-
balance the elevated extracellular Glu, hence the increase in
E/I ratio and seizure susceptibility in the subacute postinjury
phase—exhibited by decreased latency to myoclonic seizures
after rmTBI. However, given that only a fraction of the injured
mice progressed to GTC, PV upregulation may well have pre-
vented generalization of the seizures.

Six weeks after rmTBI, a distinct second pathophysiology
emerged, characterized by a sharp decline in extracellular GABA
beginning 4 weeks after injury. Depressed GABA concentra-
tions are accompanied by decreased per-cell PV expression, in
stark contrast to the increase in PV expression seen 1 week
after rmTBI where a concomitant increase in extracellular GABA

was not observed. We propose that the depressed GABA in the
late post-TBI phase result at least in part from the per-cell PV
loss. Normal intracellular PV concentration does not necessitate
fast PVI firing or enhanced GABA signaling. Rather, robust PV
expression simply allows for the possibility of increased PVI
firing frequency. This is due in part to the calcium-chelating
property of PV that enables PVIs to depolarize and repolarize
rapidly without sustaining injury that may lead to dysfunction
or death (Volman et al. 2011; Steullet et al. 2017). Accordingly,
we propose that the depressed per-cell PV density (at times
to below detection by our methods), limits PVI firing capacity
and thus directly relates to the depressed extracellular GABA
levels and increased seizure susceptibility in the late post-rmTBI
phase.

A loss of gamma EEG power accompanies the depressed
GABA concentration and PV expression 6 weeks after injury.
Local oscillations in the gamma range (30–80 Hz) in the cortical
EEG are driven largely by the resonance of fast-spiking PVIs
(Cardin et al. 2009; Carlen et al. 2012). Given that PV expression
is significantly reduced after brain injury (Hsieh et al. 2017), and
that cortical gamma EEG oscillations are driven by PVI circuits
(Volman et al. 2011), our results suggest that the progressive
decrease in cortical EEG gamma power reflects post-traumatic
PVI dysfunction, thus supporting a direct relationship between
the two, and utility of cortical gamma EEG as a biomarker
that is representative of PVI-mediated cortical inhibitory
tone.
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Figure 7. EEG gamma oscillations. (A) When tested across the full 24-h recording period, only a trend toward a decrease in gamma power 6 weeks after injury is evident
(unpaired t-test, P = 0.066). (B) During the dark period from 7 PM to 7 AM when animals are more active no difference between sham- and verum-injured groups was
found at either time point. (C) In contrast, during the light period from 7 PM to 7 AM when mice are less active and more likely to sleep, depression in gamma power
in the verum, rmTBI group was evident 6 weeks after injury. (D) When individual mice were animals were followed longitudinally across both the 1- and 6-week time

points, normalized (to sham) gamma power, as assessed over the 24-h period reliably declined 6 weeks after injury. (E) This difference in gamma power between initial
and late recordings was absent in the active, dark, period 7 PM–7 AM, but (F) reliable when analysis was constrained to the inactive, light, period of 7 PM–7 AM. (Bars
indicate mean ± SEM, ∗P ≤ 0.05, ∗∗P ≤ 0.01).

While PNN loss in a high-Glu and low-GSH state indicates
extracellular matrix degradation in the initial post-rmTBI state,
eventual recovery suggests a certain stability of the new PV
expression state as enhanced PNNs are associated with a loss
of plasticity (Hensch 2005). This recovery in the context of high
oxidative stress due to decreased GSH/GSSG may be a compen-
satory adjustment, but is nonetheless insufficient to arrest the
PV loss in the chronic postconcussive state. On the contrary,
the restored PNN may stabilize a pathologic state of depressed

PV expression that corresponds to the observed decrease in
extracellular GABA in the chronic post-rmTBI period.

Distinct PVI states emerged at the 2 time points examined in
this experiment. One week after injury, cells with upregulated
PV expression were present above levels of the control condi-
tion. We propose that these inhibitory interneurons upregulated
their expression of PV as a result of activity-dependent matura-
tion within the context of increased extracellular Glu. Concur-
rently, PNNs were degraded due to a Glu-mediated increase in
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Figure 8. Latency to seizure induced by PTZ injection. (A) One week after rmTBI, 70% injured mice experienced a myoclonic seizure, compared with 38% uninjured

control animals. Kaplan–Meier analysis displaying the incidence of first myoclonus in both groups revealed a difference between the curves. (B) Only 10% rmTBI animals
and 9% sham mice had GTC at 1 week. (C) Six weeks after rmTBI, 67% mice reached Racine stage 3 in comparison to 40% uninjured sham animals. (D) However, 6 weeks
after rmTBI, 19% mice had GTC, compared with 0% sham controls. (Mean ± SEM, ∗P ≤ 0.05, ∗∗P ≤ 0.01).

oxidative stress. Loss or damage to PNNs leaves PVI vulnerable
to persistent oxidative stress (Cabungcal et al. 2013), yet also
more plastic (Beurdeley et al. 2012; Spatazza et al. 2013). This
acute (PV+/PNN−) PVI state is indicative of increased activity-
dependent plasticity at the cost of decreased structural sta-
bility. 6-week post rmTBI, PNN recovered, but PV expression
had dropped below levels of detection by IHC, though the cells
remained viable via DAPI. These PV−/PNN+ cells are structurally
intractable with an impaired ability to sequester calcium, result-
ing in a reduced firing capacity. It is unlikely these cells are
functionally similar to PV+/PNN+ PVIs.

The presence of each of these cell types within their environ-
mental context in rmTBI creates a shift toward excitation in the
E/I balance but for opposing reasons. Initially, the brain compen-
sates for the increase in Glu by increasing PV expression in PVIs,
which are more plastic without their nets. However, this is an
incomplete compensation as PV+/PNN− cells are more sensitive
to oxidative stress, and injured animals still showed increased
seizure susceptibility. Ultimately, this compensation fails when
PV expression falls to 60% of sham and PNN recover, dampening
plasticity and firing rate and resulting in altered PVI activity and
increased seizure susceptibility. These distinct states provide
insight into the need for differing therapeutic strategies as a
function of time from injury. Early-stage intervention may focus
on Glu buffering and oxidative stress protection to prevent loss
of PNN and unsustainable PVI maturation, whereas long-term
therapies target interfering with GABA clearance in order to pre-
serve some tone or mitigating oxidative stress to prevent further
decline. To date, N-methyl-D-aspartate-type glutamate receptor
(NMDAR) antagonism with memantine has been tested as an
intervention after rmTBI (Mei et al. 2018). While neuroprotective,
memantine decreases PV expression in PVI (Powell et al. 2012).

The baseline reduction of GABA concentration and impaired
PVI function in our study may explain why previous trials of
memantine were incompletely effective at alleviating behav-
ioral rmTBI symptoms (Mei et al. 2018). Specifically, memantine
therapy reduced reactive astrocytosis after rmTBI but did not
mitigate behavioral deficits. Since decreased PV expression in
an already compromised system may worsen the chronic post-
rmTBI condition, our results indicate that strategies other than
NMDAR antagonism may have utility in this setting.

Our results identify mechanistic similarities between rmTBI
and more severe brain injury. Among the explanations for the
similarity may be reactive astrocytosis, which is a pathologic
feature described after mouse rmTBI (Mannix et al. 2014). Reac-
tive astrocytosis is associated with downregulation of the mem-
brane transporter protein GLT-1, which is responsible for clear-
ing excess Glu from the extracellular space. Both are also present
shortly after TBI by lateral fluid percussion injury (Goodrich
et al. 2013), and this paucity of GLT-1 presumably further impairs
buffering of any increased Glu in the extracellular space. As in
rmTBI, the susceptibility of PVI to injury is also present in the
more severe TBI model (Hsieh et al. 2017). These commonalities
suggest that the phenotype produced from rmTBI may have
more serious consequences than initially anticipated. In particu-
lar, the PVI loss and increased seizure susceptibility in the rmTBI
point to a mechanistic picture that is qualitatively similar across
a range of TBI severities.

Increased seizure susceptibility after a minimum of 1 con-
cussion has been documented in patients (Christensen et al.
2009; Hung et al. 2014; Mahler et al. 2015; Keret et al. 2017), with
a relative risk of developing epilepsy approximately doubling
after injury. These clinical data along with our finding of low-
ered seizure threshold after rmTBI indicate that postconcussive



6118 Cerebral Cortex, 2020, Vol. 30, No. 12

shift in the E/I balance, even if modest, can increase seizure
susceptibility among other long-term consequences. Given that
concussion is associated with increased vulnerability to future
trauma (Fehily and Fitzgerald 2017), our results indicate that
the successive injury may occur in the setting of already com-
promised inhibition that can predispose traumatized brains to
worse outcomes even from mild future insult. This is analo-
gous to the higher incidence of epilepsy in patients who suffer
concussion and have a family history of epilepsy (Christensen
et al. 2009). Preventative treatment modalities for post-traumatic
epilepsy, even after mild repetitive brain injury, thus warrant
consideration, particularly as about 30% of acquired epilepsy
cases are intractable (Elliott et al. 2019).

Finally, while the temporal pattern of injury in our model
(5 consecutive daily injuries) is distinct from typical human
concussion patterns, we note that concussion is associated with
increased vulnerability to future trauma (Fehily and Fitzgerald
2017). Our results thus indicate that compromised inhibition
might predispose traumatized brains to worse outcomes upon
successive mild injuries.

Conclusion
Repetitive concussion causes a progressive phenotype charac-
terized by an initial Glu increase that is accompanied by GSH
consumption and followed by a dysfunction of PVIs and loss of
GABAergic inhibitory tone. This is in accordance with clinical
observations indicating an increased risk of developing epilepsy
after mild brain injury. From a therapeutic perspective, this pro-
gression of pathophysiology needs to be considered, as pharma-
cologic targets are likely to be distinct at the individual phases of
the post-rmTBI syndrome. The PV loss and loss of extracellular
GABA in the chronic post-rmTBI phase also provide mechanistic
insight into the increased epilepsy risk that follows concussion
in humans (Christensen et al. 2009; Hung et al. 2014; Mahler
et al. 2015). In this regard, while direct GABA measurements are
impractical in clinical practice, the loss of gamma power on EEG
may serve as a biomarker for the loss of cortical inhibition and
subtle epileptogenesis that follows concussion. Along similar
lines, mapping inhibitory tone by gamma EEG measures may
also enable markers of target engagement by therapeutics that
are aimed to arrest or reverse the above-described process.
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